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Introduction 

Treatment  of  locally  advanced  or  metastatic  breast  cancer  remains  a  very  difficult  clinical  problem. 
Chemotherapy  is  the  treatment  of  choice  for  most  of  those  patients.  It  is  given  as  an  adjuvant  or  neo-adjuvant 
settings  alone  or  in  combination  with  hormone  therapy  or  Herceptin.  Two  classes  of  the  drugs  are  primarily 
used:  anthracyclines  (doxorubicin,  epirubicin,  mitoxantrone)  and  taxanes  (paclitaxel,  docetaxel).  In  addition  to 
the  well-described  toxicity  the  efficacy  of  the  treatment  remains  relatively  low.  Median  survival  for  patients  with 
metastatic  breast  cancer  is  18-24  months.  Among  patients  treated  with  systemic  chemotherapy  16.6% 
achieved  complete  responses  and  only  3.1%  remained  in  complete  remission  for  more  than  5  years  (1). 
Patients  with  locally  advanced  breast  cancer  (LABC)  have  a  poor  prognosis  when  treated  with  surgery  and 
radiotherapy.  Preoperative  (neo-adjuvant)  chemotherapy  has  been  developed  as  an  alternative  therapeutic 
strategy  as  it  allows  surgical  intervention  in  patients  who  present  with  bulky  primary  disease.  In  general,  neo¬ 
adjuvant  chemotherapy  results  in  a  complete-response  rate  of  10%  to  35%.  However,  the  five-year  overall 
survival  rate  is  only  5%  to  20%  (2).  All  these  results  compel  the  development  of  new  approaches  to  therapy  of 
breast  cancer.  Immunotherapy  of  breast  cancer  has  not  yet  delivered  tangible  clinical  results.  Although  some 
clinical  trials  performed  in  recent  years  demonstrated  encouraging  results,  most  of  the  trials  showed  rather 
limited  clinical  response(3).  It  appears  that  tumor  escape  mechanisms  prevent  effective  recognition  and 
elimination  of  tumors.  New  approaches  are  necessary  to  make  cancer  immunotherapy  clinically  effective.  One 
of  the  most  attractive  approaches  to  cancer  therapy  is  a  combined  modality  treatment.  However,  the  well- 
known  immunosuppressive  effect  of  chemotherapy  has  established  a  widely  accepted  notion  that  the  direct 
combination  of  chemotherapy  and  immunotherapy  will  be  ineffective  due  to  the  negative  effect  of 
chemotherapy  on  the  immune  system.  Recently  we  and  others  have  reported  findings  from  clinical  trials,  which 
may  challenge  that  paradigm.  Patients  with  advanced  stages  of  different  types  of  cancer  were  treated  with 
different  vaccines.  Direct  clinical  effect  of  those  vaccines  was  quite  limited.  However,  patients  showed  high 
objective  clinical  response  rate  to  chemotherapy  that  immediately  followed  immunotherapy  (4-8).  Taken 
together  these  recent  data  suggest  a  possibility  of  new  paradigm  in  cancer  treatment.  Immunotherapy  can 
substantially  enhance  the  effect  of  chemotherapy.  It  could  be  especially  important  for  patients  with  advanced 
stage  breast  cancer.  These  data  suggest  a  new  paradigm  that  vaccination  may  be  most  effective  in  direct 
combination  with  chemotherapy.  The  main  objectives  of  this  study  are  to  determine  whether  immunotherapy 
sensitizes  tumor  to  chemotherapy  and  to  identify  some  of  the  main  mechanisms  of  this  effect. 
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Key  Research  Accomplishments 

•  In  experimental  model  of  breast  cancer  we  have  determined  that  immunotherapy  has  synergized  with 
chemotherapy  in  potent  antitumor  activity 

•  In  experiments  in  vitro  we  have  found  that  chemotherapy  sensitize  tumor  cells  to  the  effect  of  CTLs.  At 
the  same  time,  pre-treatment  of  CTLs  with  chemotherapeutic  drugs  did  not  improve  cytotoxicity.  Thus, 
synergistic  effect  of  immunotherapy  and  chemotherapy  was  mediated  primarily  by  the  effect  of 
chemotherapy  on  tumor  cells. 

•  Chemotherapy  and  CTLs  utilize  different  pathways  in  the  induction  of  tumor  cell  apoptosis. 

•  We  have  identified  novel  mechanism  of  combined  effect  of  chemotherapy  and  immunotherapy  of 
cancer  mediated  by  permeability  of  tumor  cells  to  granzyme  B  released  by  CTLs  via  up-regulation  of 
mannose-6-phosphate  receptor. 

•  CTLs  raised  against  specific  antigens  were  able  to  induce  apoptosis  in  the  neighboring  tumor  cells  that 
do  not  express  those  antigens.  These  data  suggest  that  small  number  of  low  affinity  CTLs  could  cause 
potent  antitumor  effect  when  combined  with  chemotherapy  and  provide  a  strong  rationale  for 
combination  of  these  modalities  in  treatment  of  patients  with  advanced  cancers. 
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Reportable  Outcomes 


Ramakrishnan  R,  Assudani  D,  Nagaraj  S,  Hunter  T,  Cho  HI,  Antonia  S,  Altiok  S,  Celis  E,  Gabrilovich  DL 
Mechanism  of  combined  effect  of  cancer  immunotherapy  and  chemotherapy.  J  Clin.  Invest.  2010  (March  15, 
Epub  ahead  of  print) 
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Conclusions 

Our  data  suggest  a  novel  model  of  combined  effect  of  CTLs  and  chemotherapy.  When  used  as  single  modality 
cancer  vaccines  or  T-cell  transfers  only  limited  numbers  of  T  cells  are  able  to  penetrate  tumor  parenchyma. 
CTLs  exert  cytotoxic  effect  only  against  tumor  cells  that  express  specific  antigen,  since  it  requires  direct  cell¬ 
cell  contact.  This  effect  is  limited  by  the  expression  of  specific  antigen  on  tumor  cells  and  the  presence  of 
different  immune  suppressive  factors  in  the  tumor  microenvironment.  Chemotherapy  causes  disruption  of 
tumor  stroma  that  allows  better  penetration  of  antigen-specific  T  cells.  Most  importantly  chemotherapy  may 
affect  the  fluidity  of  the  tumor  cell  membrane,  which  may  result  in  increased  permeability  of  the  cells  to  GrzB. 
In  this  situation  a  small  number  of  activated  CTLs  able  to  release  GrzB  can  kill  neighboring  tumor  cells  without 
cell-cell  contact.  Therefore  even  tumor  cells  that  do  not  express  specific  antigen  would  be  susceptible  to  the 
effect  of  CTLs.  It  is  likely  that  this  effect  would  not  be  permanent  and  subject  to  the  elimination  of  CTLs  by 
chemotherapy  and  immune  suppressive  tumor  microenvironment.  However,  it  may  provide  sufficient  window  to 
achieve  antitumor  effect.  Since  memory  T  cells  are  more  resistant  to  chemotherapy  than  the  effector  T  cells,  it 
is  possible  that  subsequent  immunization  would  be  able  to  boost  antitumor  immunity  and  thus  provide  a  long 
lasting  effect. 
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Chemotherapy  enhances  tumor  cell 
susceptibility  to  CTL-mediated  killing  during 
cancer  immunotherapy  in  mice 

Rupal  Ramakrishnan,  Deepak  Assudani,  Srinivas  Nagaraj,  Terri  Hunter,  Hyun-ll  Cho, 
Scott  Antonia,  Soner  Altiok,  Esteban  Celis,  and  Dmitry  I.  Gabrilovich 

H.  Lee  Moffitt  Cancer  Center  and  Research  Institute,  Tampa,  Florida. 


Cancer  immunotherapy  faces  a  serious  challenge  because  of  low  clinical  efficacy.  Recently,  a  number  of  clini¬ 
cal  studies  have  reported  the  serendipitous  finding  of  high  rates  of  objective  clinical  response  when  cancer 
vaccines  are  combined  with  chemotherapy  in  patients  with  different  types  of  cancers.  However,  the  mecha¬ 
nism  of  this  phenomenon  remains  unclear.  Here,  we  tested  in  mice  several  cancer  vaccines  and  an  adoptive 
T  cell  transfer  approach  to  cancer  immunotherapy  in  combination  with  several  widely  used  chemotherapeu¬ 
tic  drugs.  We  found  that  chemotherapy  made  tumor  cells  more  susceptible  to  the  cytotoxic  effect  of  CTLs 
through  a  dramatic  perforin-independent  increase  in  permeability  to  GrzB  released  by  the  CTLs.  This  effect 
was  mediated  via  upregulation  of  mannose-6-phosphate  receptors  on  the  surface  of  tumor  cells  and  was 
observed  in  mouse  and  human  cells.  When  combined  with  chemotherapy,  CTLs  raised  against  specific  anti¬ 
gens  were  able  to  induce  apoptosis  in  neighboring  tumor  cells  that  did  not  express  those  antigens.  These  data 
suggest  that  small  numbers  of  CTLs  could  mediate  a  potent  antitumor  effect  when  combined  with  chemo¬ 
therapy.  In  addition,  these  results  provide  a  strong  rationale  for  combining  these  modalities  for  the  treatment 


of  patients  with  advanced  cancers. 

Introduction 

Despite  advances  in  the  development  of  new  chemotherapeutic 
drugs  and  improvements  in  radiation  therapy,  conventional  can¬ 
cer  therapy  often  falls  short  of  the  goal  of  controlling  tumor  pro¬ 
gression.  Therapeutic  cancer  vaccines  and  adoptive  T  cell  transfer 
have  long  been  considered  very  attractive  therapeutic  options  in 
the  treatment  of  cancer.  However,  despite  identification  of  number 
of  tumor-associated  antigens  that  are  recognized  by  CTLs,  clinical 
trials  of  different  cancer  vaccines  performed  in  recent  years  demon¬ 
strated  a  lack  of  clinical  efficacy  (1).  It  appears  that  cancer  immu¬ 
notherapy  faces  a  number  of  challenges.  They  include  the  ability  of 
vaccines  to  generate  potent  immune  responses  given  the  presence 
of  numerous  immunosuppressive  factors,  the  ability  of  cytotoxic 
T  cells  to  penetrate  tumor  parenchyma  and  recognize  tumor-asso¬ 
ciated  antigen,  the  correct  choice  of  antigen  for  immunization,  etc. 
It  has  become  apparent  that  therapeutic  cancer  vaccines  given  as 
a  single  agent  may  not  produce  substantial  clinical  benefits,  and 
combination  with  conventional  methods  of  treatment  will  be  nec¬ 
essary.  However,  the  use  of  conventional  cancer  chemotherapy  in 
combination  with  cancer  vaccines  was  previously  not  considered 
as  very  attractive  due  to  the  potent  immunosuppressive  effect  usu¬ 
ally  associated  with  chemotherapy.  This  paradigm  was  challenged 
in  recent  years  by  serendipitous  observations  made  in  a  number  of 
phase  I/II  clinical  trials  that  reported  high  rates  of  objective  clinical 
responses  when  cancer  vaccines  were  combined  with  chemotherapy 
(2-6).  These  observations  were  made  by  several  groups  utilizing 
various  cancer  vaccines  and  different  chemotherapeutic  regimens 
in  patients  with  diverse  types  of  cancer  (7).  However,  whether  these 
findings  represented  a  new  paradigm  or  just  anecdotal  observations 
remained  unclear.  The  mechanisms  of  the  potential  effect  of  com- 
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bined  therapy  remained  unknown.  In  animal  tumor  models,  it  has 
been  shown  that  conventional  chemotherapy  and  radiation  therapy 
can  induce  immune  responses  against  antigens  generated  in  dying 
tumor  cells  (8,  9).  The  paradox  is  that  the  types  of  chemotherapy 
that  were  used  are  known  to  suppress  the  immune  system  in  can¬ 
cer  patients  during  standard  treatment.  Even  in  patients  who  ben¬ 
efited  from  combined  treatment,  chemotherapy  inhibited  antigen- 
specific  T  cells  generated  by  previously  administered  cancer  vaccines 
(3).  The  effect  of  combined  treatment  in  most  patients  was  not  long 
lasting,  suggesting  that  effector  cells  may  not  remain  functional  for 
a  long  time.  Therefore,  understanding  the  cellular  and  molecular 
mechanisms  of  the  effect  of  combined  treatment  is  critically  impor¬ 
tant  for  advancing  the  overall  efficacy  of  this  approach. 

Here  we  report  that  several  commonly  used  chemotherapeutic 
agents  —  paclitaxel  (TAX),  cisplatin  (CIS),  and  doxorubicin  (DOX) 
—  sensitize  tumor  cells  to  CTLs  by  making  tumor  cells  permeable 
to  granzyme  B  (GrzB).  This  allowed  antigen-specific  CTLs  to  kill 
not  only  tumor  cells  expressing  specific  antigen  but  also  the  neigh¬ 
boring  tumor  cells  that  did  not  express  those  antigens.  This  effect 
was  perforin  independent  and  mediated  via  upregulation  of  man- 
nose-6-phosphate  (M6P)  receptors  on  tumor  cells.  It  explains  how 
small  numbers  of  CTLs  could  mediate  a  potent  antitumor  effect 
when  combined  with  chemotherapy. 

Results 

Combination  of  im  munotherapy  and  chemotherapy  produces  a  potent  anti¬ 
tumor  effect.  The  main  goal  of  cancer  immunotherapy  is  to  generate 
and  deliver  tumor-specific  CTLs  to  tumor  sites,  with  the  prospect 
that  CTLs  will  recognize  and  eliminate  tumor  cells  expressing  spe¬ 
cific  antigen  (10).  In  this  study,  we  used  several  different  methods  to 
generate  tumor-specific  CTLs  to  test  the  synergistic  effect  of  immu¬ 
notherapy  and  chemotherapy.  Colon  carcinoma  MC38  is  recog¬ 
nized  by  p53-specific  CTLs  due  to  overexpression  of  wild-type  p53 
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Figure  1 

Combined  effect  of  chemotherapy  and  immunotherapy.  (A)  Murine  colon  carcinoma  tumors  were  established  in  C57BL/6  mice  by  s.c.  injec¬ 
tion  of  MC38  tumor  cells.  Treatment  was  started  5  days  after  tumor  inoculation.  Mice  in  treatment  groups  (DC,  DC  +  TAX)  were  injected  s.c. 
with  5  x  105  DCs  transduced  with  recombinant  adenovirus  containing  the  mouse  wild-type  p53  gene  (Adp53).  Immunizations  were  repeated 
twice  at  7-day  intervals.  Treatment  with  TAX  (12.5  mg/kg)  was  started  3  days  after  the  second  immunization.  Tumor  size  was  calculated  by 
multiplying  the  2  longest  dimensions,  n  =  5  mice  group.  The  experiment  was  repeated  twice  with  the  same  results.  Unt,  untreated.  (B)  Mam¬ 
mary  carcinoma  TUBO  was  established  s.c.  in  BALB/c  mice.  The  treatment  times  and  intervals  were  the  same  as  in  A.  DCs  used  for  immu¬ 
nizations  were  loaded  with  10  pg/ml  Neu-derived  peptide,  n  =  5  mice  group.  The  experiment  was  repeated  twice  with  the  same  results.  (C) 
T  cells  from  mice  immunized  with  OVA-derived  peptide  SIINFEKL  were  transferred  to  EG7  tumor-bearing  C57BL/6  mice  by  i.v.  injection  of 
5  x  1 06  cells.  The  treatment  protocol  for  the  treatment  with  TAX  and  adoptive  transfer  is  described  in  Methods,  n  =  4  mice  group.  The  experi¬ 
ment  was  repeated  once  with  the  same  results.  (D)  EG7  tumors  were  established  s.c.  in  C57BL/6  mice.  On  day  16,  the  mice  were  treated 
with  TAX  (12.5  mg/kg)  i.p.  Three  days  later,  they  were  administered  5  x  106  CMAC-labeled  T  cells  from  mice  immunized  with  SIINFEKL.  The 
tumors  were  removed  24  hours  later,  and  cryosections  were  prepared.  The  slides  were  observed  under  a  Leica  fluorescence  microscope, 
and  20  high-power  (x400)  fields  were  counted  per  slide.  Right:  Number  of  T  cells  per  tumor  field  in  3  mice  per  group.  P  <  0.05,  2-sided  t  test. 
Scale  bars:  5  pm.  In  A-D,  data  are  shown  as  mean  ±  SEM.  (E)  EG7  tumors  were  established  by  s.c.  injection  of  3  x  105  cells.  When  tumor 
reached  1 .5  cm  in  diameter,  5  x  106  OT-T  cells  were  injected  i.v.  in  each  mouse.  After  3  days,  half  of  the  mice  received  12.5  mg/kg  BW  TAX 
i.p.  Splenocytes  were  collected  6  days  later  and  restimulated  with  control  (CP)  or  specific  (SP)  peptides.  IFN-y  production  was  evaluated  by 
ELISPOT  assay.  The  number  of  spots  per  2  x  105  lymph  node  cells  are  shown.  Each  point  represents  mean  ±  SD  of  6  replicates. 


(11-13).  Tumors  were  established  s.c.,  and  3  days  after  tumor  cell 
injection,  mice  were  divided  into  different  treatment  groups.  Vac¬ 
cination  of  mice  with  DCs  transduced  with  adenovirus  containing 
full-length  mouse  wild-type  p53  (Ad-p53)  (14)  resulted  in  a  substan¬ 
tial  delay  in  tumor  progression  (Figure  1A).  In  these  initial  experi¬ 
ments,  we  used  TAX,  a  widely  used  chemotherapeutic  agent.  Treat¬ 
ment  of  mice  with  12.5  mg/kg  TAX  alone  delayed  tumor  growth, 
but  tumor  progression  resumed  soon  after  the  treatment  was  dis¬ 
continued.  The  combination  of  TAX  and  the  DC  vaccine  potently 
suppressed  tumor  growth,  which  continued  for  at  least  5  weeks  after 
start  of  the  treatment  (Figure  1A).  Thus,  chemotherapy  and  immu¬ 


notherapy  potentiated  each  other's  effects  in  the  model  where  each 
individual  modality  had  antitumor  activity.  In  the  second  model, 
TUBO  mammary  carcinoma  tumors  expressing  the  Neu  oncogene 
(15)  were  established  in  BALB/c  mice.  Immunization  was  performed 
with  DCs  loaded  with  a  Neu-derived  peptide  (p66)  representing  a 
CTL  epitope  (16).  In  this  model,  the  selected  dose  of  TAX  had  very 
little  antitumor  activity  and  vaccination  alone  only  slightly  delayed 
tumor  growth  (Figure  IB).  However,  the  combination  of  the  DC  vac¬ 
cine  with  TAX  treatment  resulted  in  a  substantial  antitumor  effect 
in  this  model  as  well  (Figure  IB).  To  test  this  approach  in  an  experi¬ 
mental  system  with  adoptive  transfer  of  T  cells,  we  used  mice  bear- 
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Figure  2 

Chemotherapy  sensitizes  tumor  cells  to  the 
cytotoxic  effect  of  CTLs.  (A)  Tumor-free 
C57BL/6  mice  were  immunized  with  Kb-bound 
p53-derived  peptide.  Splenocytes  were  iso¬ 
lated,  restimulated  with  the  specific  peptide  for 
6  days,  and  used  as  effectors  in  a  CTL  assay 
against  EL-4  target  cells  loaded  with  specific 
(p53)  or  control  peptides.  EL-4  cells  were  pre¬ 
treated  overnight  with  1 .5  yg/ml  DOX  or  1 2.5  nM 
TAX.  Standard  4-hour  51Cr-release  assay 
was  performed.  For  A-E,  data  are  shown  as 
mean  ±  SEM.  Each  experiment  was  performed 
3  times  with  the  same  results.  (B)  Splenocytes 
from  immunized  mice  were  pretreated  over¬ 
night  with  DOX  or  TAX  at  doses  described 
above  and  used  as  effectors  against  EL-4  tar¬ 
get  cells  loaded  with  specific  or  control  peptides 
in  a  Cr51  release  assay.  (C)  Results  of  a  CTL 
assay  wherein  both  effectors  and  targets  were 
pretreated  with  TAX  as  described  above.  Spl, 
splenocytes.  (D)  T  cells  from  mice  immunized 
with  Neu-derived  p66  peptide  were  used  as 
effectors  against  either  nonmodified  4T1  cells 
or  4T1  -Neu  cells  transfected  with  Neu-express- 
ing  plasmid.  The  targets  were  pretreated  with 
TAX  for  18  hours.  (E)  T  cells  from  2C-trans- 
genic  mice  were  used  as  effectors  against  EL-4 
cells  loaded  with  the  specific  (S.P.)  or  control 
(C.P.)  peptides.  The  target  cells  were  pretreat¬ 
ed  with  TAX  overnight.  (F)  Cytotoxicity  against 
H332  SCLC  cells  was  measured  in  duplicate 
in  a  standard  6-hour  chromium  release  assay 
as  detailed  in  Methods.  PBMCs  stimulated  with 
SCLC  tumor  cells  lysates  were  used  as  effec¬ 
tors.  The  viability  of  target  cells  and  PBMCs 
in  all  tests  was  similar  and  greater  than  85% 
at  onset  of  assay.  UNT,  SCLC  and  PBMCs 
were  not  treated  with  TAX;  SCLC+TAX,  tumor 
cells  were  pretreated  for  18  hours  with  100  nM 
TAX;  PBMC+TAX,  PBMCs  were  pretreated  for 
18  hours  with  100  nM  TAX;  SCLC/PBMC+TAX, 
tumor  cells  and  PBMCs  were  treated  with  TAX. 
(G)  Survivin-specific  T  cells  were  generated  by 
2  rounds  of  stimulation  of  mononuclear  cells 
from  HLA-A2+  healthy  volunteers  as  described 
elsewhere  (18).  The  T  cells  were  column  puri¬ 
fied  and  added  to  the  tumor  cells  at  indicated 
ratios.  Primary  tumor  from  HLA-A2+  patient 
with  non-SCLC  cancer  was  used  as  target. 
The  tumor  cells  were  treated  with  50  nM  TAX 
1 8  hours  prior  to  51Cr  release  assay. 


ing  EG-7  tumors  (EL-4  cells  expressing  chicken  OVA).  T  cells  from 
mice  immunized  with  OVA-derived  peptide  (SIINFEKL)  were  used 
for  adoptive  transfer  (Supplemental  Figure  1;  supplemental  mate¬ 
rial  available  online  with  this  article;  doi:10.1172/JCI40269DSl). 
T  cells  or  TAX  alone  caused  a  decrease  in  tumor  growth.  Flowever, 
this  effect  was  substantially  more  pronounced  when  T  cell  transfer 
and  TAX  administration  were  combined  (Figure  1C). 

To  evaluate  the  ability  of  T  cells  to  penetrate  into  tumor 
parenchyma,  we  labeled  OVA-specific  T  cells  with  the  fluores¬ 
cent  tracker  CMAC  and  transferred  them  into  EG-7  tumor¬ 
bearing  mice  3  days  after  TAX  injection.  Tumors  were  excised 


24  hours  after  T  cell  administration.  Only  a  few  tumor-infil¬ 
trating  T  cells  were  present  in  the  mice  not  treated  with  TAX. 
In  contrast,  in  mice  treated  with  TAX,  this  number  was  signifi¬ 
cantly  higher  (Figure  ID). 

We  tested  the  possibility  that  TAX  could  improve  antigen-specific 
response  in  tumor-bearing  mice.  OT-1  T  cells  were  transferred  into 
EG-7  tumor-bearing  mice,  followed  2  days  later  with  injection  of 
12.5  mg/kg  TAX.  The  antigen-specific  response  of  splenocytes  was 
evaluated  6  days  after  TAX  injection  in  an  IFN-y  ELISPOT  assay.  No 
statistically  significant  (P  >  0.1)  differences  between  TAX-treated 
and  control  mice  were  found  (Figure  IE).  This  was  consistent  with 
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Figure  3 

Kinetics  of  apoptosis  in  combination  therapy.  (A)  OT-1  T  cells  were  mixed  with  EL-4  cells  that  had  been  loaded  either  with  specific  SIINFEKL  or  a 
control  SIYRYYG  (SIY)  peptide.  Target  cells  were  either  pretreated  with  TAX  overnight  or  were  left  untreated.  Chromium  release  assay  was  per¬ 
formed  in  duplicate  1 , 2,  and  4  hours  after  start  of  the  incubation.  The  2h  and  4h  data  were  obtained  from  different  reproducible  experiments.  (B)  For 
the  detection  of  early  apoptosis,  the  effector  OT-1  T  cells  were  labeled  with  DDAO-SE  and  incubated  with  target  EL-4  cells  loaded  either  with  specific 
or  control  peptides  at  a  20:1  ratio.  After  the  indicated  incubation  time,  cells  were  stained  with  Annexin  V-FITC  and  7-AAD.  The  proportion  of  Annexin 
V-positive  cells  was  measured  within  the  population  of  tumor  cells  by  flow  cytometry.  Typical  result  of  1  of  3  performed  experiments  is  shown. 


the  previous  observation  that  injection  of  TAX  induced  defects  in 
antigen-nonspecific  functions  of  T  cells  (17)  and  suggested  that  the 
antitumor  effect  of  this  combined  treatment  was  not  likely  due  to 
positive  effect  of  TAX  on  tumor-specific  T  cells. 

Chemotherapy  sensitizes  tumor  cells  to  the  cytotoxic  effect  ofCTLs.  Next 
we  investigated  whether  the  chemotherapy  agents  can  affect  the 
susceptibility  of  tumor  cells  to  the  lytic  effect  of  CTLs.  Antigen- 
specific  T  cells  were  generated  by  immunizing  naive  C57BL/6 
mice  with  Ad-p53  DCs.  Splenocytes  were  restimulated  with  p53- 
derived  H2Kb  peptide  (KYMCNSSCM)  for  5  days  and  then  used 
as  effectors  in  CTL  assays.  As  a  target,  we  used  EL-4  tumor  cells 


loaded  with  control  or  specific  peptide.  We  evaluated  the  effect 
of  3  chemotherapeutic  drugs  with  different  mechanism  of  action: 
TAX,  DOX,  and  CIS.  Tumor  cells  were  pretreated  with  TAX  or 
DOX  for  18  hours.  All  chemotherapeutic  agents  have  a  delayed 
toxic  effect  on  target  cells.  The  kinetics  of  this  effect  depends  on 
the  dose  of  the  drug.  In  preliminary  experiments,  we  selected  the 
doses  of  the  drugs  that  did  not  induce  more  than  5%  apoptosis  of 
tumor  cells  after  18-24  hours  of  culture.  Substantial  cell  death  was 
observed  only  after  48  hours  of  treatment  (data  not  shown).  This 
was  done  to  exclude  a  direct  cytotoxic  effect  of  the  compounds.  In 
all  experiments,  the  level  of  spontaneous  chromium  release  of  tar- 
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Figure  4 

Mechanism  of  apoptosis  induced  by  CTLs  and  TAX.  (A)  Cleaved  caspase-3  in  tumor  cells.  Untreated  and  TAX-treated  EL-4  targets  were  labeled 
with  DDAO-SE  and  loaded  with  control  or  specific  peptide.  The  tumor  cells  were  incubated  with  purified  OT-1  T  cells  at  a  1 :10  ratio.  After  the  indi¬ 
cated  incubation  time,  cells  were  permeabilized  and  labeled  with  PE-conjugated  antibody  against  cleaved  caspase-3.  Target  cells  were  gated,  and 
the  levels  of  cleaved  caspase-3  in  the  target  cells  were  analyzed  by  flow  cytometry.  *  P  <  0.05  versus  untreated  EL-4  cells.  (B)  CytC  in  tumor  cells. 
Experiments  were  performed  as  described  in  Figure  2B.  The  cells  were  permeabilized,  fixed,  and  labeled  with  anti-CytC  antibody.  *P  <  0.05  versus 
untreated  EL-4  cells.  In  A  and  B,  typical  results  of  1  experiment  (left)  and  mean  ±  SEM  of  5  experiments  (right)  are  shown.  (C)  EndG  in  tumor  cells. 
EL-4  cells  were  treated  with  TAX  for  18  hours  and  loaded  with  control  or  specific  peptides  as  described  above.  OT-1  T  cells  were  labeled  with 
Po-Pro-3  iodide  to  distinguish  them  from  tumor  cells  and  incubated  with  target  EL-4  cells  at  a  1 0:1  ratio  for  1  hour.  The  cells  were  fixed  and  stained 
with  anti-EndG  antibody  and  DAPI.  Visualization  of  the  staining  in  the  nuclei  was  performed  using  a  Leica  confocal  microscope.  The  images  were 
analyzed  with  Image  Pro  Plus  6.2  software.  One  hundred  tumor  cells  were  counted,  and  the  proportion  of  those  with  positive  nuclear  staining  was 
determined.  The  P  values  were  calculated  using  Fisher  2-tailed  exact  test.  Data  are  presented  as  mean  ±  SEM. 
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get  cells  treated  with  chemotherapeutic  agents  was  similar  to  that 
of  untreated  cells.  Tumor  cells  were  washed  after  drug  treatment, 
loaded  with  control  or  specific  peptides,  and  then  cultured  at  dif¬ 
ferent  ratios  with  effector  cells.  CTLs  alone  displayed  moderate  but 
clear  specific  cytotoxicity.  Pretreatment  of  tumor  cells  with  TAX  or 
DOX  significantly  increased  CTL-mediated  cytotoxicity  of  target 
cells  loaded  with  the  p53  peptide  but  had  no  effect  on  the  levels 
of  cytotoxicity  obtained  with  targets  loaded  with  an  irrelevant 
control  peptide  (Figure  2A).  To  assess  whether  chemotherapeutic 
drugs  could  directly  enhance  the  cytotoxic  activity  of  CTLs,  we 
pretreated  the  CTLs  for  18  hours  with  the  same  doses  ofTAX  and 
DOX  and  measured  their  cytolytic  activity  against  peptide-pulsed 
EL-4  target  cells.  Pretreatment  of  CTLs  with  TAX  did  not  affect 
the  specific  cytotoxicity,  whereas  DOX  reduced  it  (Figure  2B). 
Importantly,  the  synergistic  cytotoxic  effect  remained  when  both 
CTLs  and  tumor  cells  were  pretreated  with  TAX  (Figure  2C),  which 
would  reflect  the  in  vivo  conditions  of  treatment  with  chemother¬ 
apy.  TAX  also  sensitized  EL-4  tumor  cells  loaded  with  OVA-derived 
peptide  (SIINFEKL)  but  not  with  control  peptide  to  OT-1  CTLs 
(Figure  3A).  Similar  results  were  obtained  in  experimental  models 
where  OT-1  CTLs  were  used  against  specific  peptide-loaded  EL-4 
target  cells  pretreated  with  DOX  or  CIS  (Supplemental  Figure  2, 
A  and  B).  Importantly,  pretreatment  of  OT-1  CTLs  with  TAX, 
DOX,  or  CIS  substantially  reduced  their  ability  to  kill  target  cells 
loaded  with  specific  peptide  (Supplemental  Figure  2C).  TAX  sen¬ 
sitized  tumor  cells  to  CTLs  also  in  the  models  where  CTLs  specific 
for  Neu-derived  peptide  p66  were  used  against  4T1  tumor  cells 
transfected  with  Neu-expressing  plasmid  (Figure  2D);  and  where 
2C-transgenic  T  cells  that  recognize  SIYRYYGL  peptide  were  used 
against  peptide-loaded  EL-4  target  cells  (Figure  2E). 

To  test  whether  a  similar  phenomenon  can  be  observed  in 
humans,  we  used  CTLs  from  allogeneic  donors  as  effectors  against 
the  small  cell  lung  cancer  (SCLC)  cell  line  H332.  Pretreatment  of 
tumor  cells  with  TAX  dramatically  increased  CTL  cytotoxicity 
(Figure  2F).  A  slightly  less-pronounced  effect  was  observed  when 
both  PBMCs  and  SCLC  were  treated  with  TAX.  In  contrast,  pre¬ 
treatment  of  PBMCs  with  the  same  drug  substantially  reduced 
cytotoxicity  (Figure  2F).  In  a  different  experimental  system,  we 
used  primary  tumor  samples  collected  from  patients  with  non- 
SCLC  during  surgical  resection.  Patients’  tumors  were  propagated 
in  nude  mice,  and  1  HLA-A2-positive  tumor  was  used  as  target 
in  CTL  assay.  Survivin-specific  T  cells  were  generated  by  repeated 
stimulation  of  mononuclear  cells  from  HLA-A2-positive  healthy 
donor  with  DCs  transduced  with  mutant  survivin  as  described 
previously  (18).  Overnight  treatment  of  tumor  with  a  selected  dose 
ofTAX  (50  nM)  did  not  affect  the  level  of  spontaneous  51Cr  release 
(data  not  shown).  However,  it  significantly  increased  cytotoxicity 
when  tumor  cells  were  cultured  together  with  T  cells  (Figure  2G). 
These  results  replicated  the  effect  observed  in  animal  models. 
Overall,  these  data  indicate  that  chemotherapy  sensitizes  tumor 
cells  to  the  cytotoxic  effect  of  CTLs. 

Mechanism  of  synergy  between  chemotherapy  and  CTLs.  To  investi¬ 
gate  the  kinetics  of  interaction  between  CTLs  and  tumor  cells  in 
real  time,  OT-1  T  cells  were  labeled  with  CFDA-SE  cell  tracer  and 
mixed  at  10:1  ratio  with  target  EL-4  cells  loaded  with  control  or 
specific  peptides  in  the  presence  of  propidium  iodide  (PI).  Cells 
were  observed  using  live  cell  imaging.  One  hour  incubation  was 
not  sufficient  for  CTLs  to  kill  nontreated  tumor  cells  loaded  with 
specific  peptide  (data  not  shown).  However,  if  the  peptide-pulsed 
EL-4  cells  were  pretreated  with  TAX,  the  cytotoxic  effect  of  CTLs 


was  easily  detectable  (Supplemental  Video  1).  In  51Cr  cytotoxicity 
assay,  2  hours  incubation  of  target  cells  with  CTLs  was  sufficient  to 
detect  strong  peptide-specific  killing  if  target  cells  were  pretreated 
with  TAX  (Figure  3A).  This  accelerated  kinetic  effect  was  further 
confirmed  using  an  apoptosis  assay  with  Annexin-V/7-AAD  stain¬ 
ing.  In  contrast  to  nontreated  target  cells,  where  little  apoptosis 
was  evident  at  early  time  points,  EL-4  cells  that  were  pretreated 
with  TAX  were  susceptible  to  apoptosis  induced  by  specific  CTLs 
as  early  as  30  minutes  of  incubation.  This  effect  became  promi¬ 
nent  after  90  minutes  of  incubation  with  the  drug  (Figure  3B).  A 
similar  effect  was  observed  when  EL-4  target  cells  were  pretreated 
with  DOX  or  CIS  (Supplemental  Figure  3). 

Next  we  evaluated  the  mechanism  of  apoptosis  caused  by  com¬ 
bination  of  chemotherapy  and  CTLs.  Pretreatment  of  tumor  cells 
with  TAX  caused  a  substantial  increase  in  cleaved  caspase-3  in 
tumor  cells.  However,  this  effect  was  not  enhanced  by  the  addi¬ 
tion  of  CTLs  (Figure  4A).  In  contrast,  CTLs  substantially  increased 
the  proportion  of  cytochrome  c-positive  (CytC-positive)  tumor 
cells.  TAX,  however  did  not  enhance  this  effect  (Figure  4B).  CytC 
release  ultimately  results  in  activation  of  caspase-3.  Therefore,  we 
also  evaluated  release  and  nuclear  localization  of  endonuclease 
G  (EndG),  a  mitochondrial  proapoptotic  protein  that  is  involved 
in  caspase-independent  DNA  degradation  (19).  CTLs  caused  a 
dramatic  increase  in  the  proportion  of  specific  peptide-loaded 
tumor  cells  with  nuclear  localization  of  EndG  as  compared  with 
cells  loaded  with  the  control  peptide.  TAX  did  not  affect  nuclear 
accumulation  of  EndG  (Figure  4C).  Thus,  it  appears  that  TAX  and 
CTLs  affect  different  components  of  the  apoptotic  pathway  dur¬ 
ing  the  initial  interaction  between  CTLs  and  tumor  cells. 

Chemotherapy  makes  tumor  cells  permeable  for  GrzB.  CTLs  mediate 
their  cytotoxic  effect  via  2  major  pathways:  Fas/FasL  and  perfo- 
rin/GrzB.  Treatment  of  EL-4  or  MC38  tumor  cells  as  well  as  sple- 
nocytes  with  selected  doses  ofTAX,  CIS,  or  DOX  did  not  signifi¬ 
cantly  change  the  level  of  expression  of  Fas  or  FasL  (Supplemental 
Figure  4),  suggesting  that  it  is  unlikely  that  chemotherapy  sensi¬ 
tizes  tumor  cells  to  CTLs  via  upregulation  of  these  molecules.  To 
assess  the  role  of  GrzB,  we  loaded  EL-4  cells  pretreated  with  TAX 
with  control  or  specific  peptides  and  labeled  them  with  the  dye 
CellTracker  Blue  CMAC.  Tumor  cells  were  incubated  with  OT-1 
CD8+  CTLs  at  a  1:10  ratio,  followed  by  intracellular  staining  with 
anti-GrzB  antibody.  Within  15  minutes  of  incubation,  the  pro¬ 
portion  of  GrzB-positive  tumor  cells  was  more  than  3-fold  higher 
when  tumor  cells  were  pretreated  with  TAX  and  loaded  with  spe¬ 
cific  peptide  compared  with  untreated  tumor  cells  (Figure  5A). 
These  results  suggested  that  pretreatment  of  tumor  cells  with 
TAX  allowed  for  fast  and  more  effective  penetration  of  GrzB  into 
tumor  cells.  To  verify  these  observations,  we  used  recombinant 
mouse  GrzB,  which  was  modified  to  block  its  protease  activity 
and  thus  would  not  cause  apoptosis  of  the  cells.  EL-4  tumor  cells 
were  pretreated  with  TAX,  DOX,  or  CIS  and  then  incubated  with 
recombinant  GrzB  for  2  hours.  Cells  were  then  stained  with  anti- 
GrzB  antibody.  On  comparison  with  nontreated  cells,  treatment 
of  tumor  cells  with  all  3  drugs  resulted  in  a  substantial  (more 
than  4-fold)  increase  in  the  intracellular  GrzB  level  (Figure  5B). 
Similar  experiments  were  performed  with  3  different  human 
SCLC  lines  and  human  recombinant  GrzB.  All  3  drugs  caused 
more  than  a  5-fold  increase  in  intracellular  GrzB  levels  in  these 
cell  lines  (Figure  5C).  To  verify  a  possible  role  of  GrzB  in  the  cyto¬ 
toxic  effect  of  CTLs  combined  with  TAX,  we  treated  cells  with 
specific  inhibitor  of  GrzB  Z-AAD-CMK.  Blocking  of  GrzB  activity 
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♦  ANNEXIN  V 


Figure  5 

The  effect  of  chemotherapy  on  permeability  of  tumor  cells  to  GrzB.  (A)  EL-4  cells  were  treated  with  TAX  and  loaded  with  control  or  specific  pep¬ 
tides  as  described  above.  Cells  were  labeled  with  CMAC  and  mixed  with  OT-1  cells  at  a  1 :1 0  ratio  and  incubated  for  7  and  1 5  minutes,  then  fixed 
and  stained  with  anti-GrzB  monoclonal  antibody,  followed  by  FITC-conjugated  secondary  antibody.  The  proportion  of  GrzB+  cells  among  blue 
target  cells  was  calculated  in  triplicate  by  counting  200  target  cells.  Scale  bars:  1 0  pm.  Data  represent  mean  ±  SEM  of  4  experiments.  *P  <  0.05 
versus  untreated  tumor  cells  loaded  with  control  peptide.  (B)  CMAC-labeled  TAX-,  DOX-,  or  CIS-treated  EL-4  cells  were  incubated  with  1  pg/ml 
recombinant  mouse  GrzB  for  30  minutes.  Cells  were  fixed  and  stained  with  anti-mouse  GrzB  antibody.  The  presence  of  GrzB  was  detected  by 
flow  cytometry.  Histogram  overlays  represent  isotype  control,  untreated  EL-4  cells,  and  TAX-,  CIS-,  or  DOX-treated  cells.  Each  experiment  was 
repeated  3  times  with  the  same  results.  (C)  The  above  experimental  procedure  was  used  for  detecting  the  presence  of  GrzB+  cells  in  human  cell 
lines.  Human  recombinant  GrzB  and  PE-conjugated  anti-human  GrzB  antibody  were  used.  Tumor  cells  were  treated  overnight  with  12.5  nM 
TAX,  25  ng/ml  DOX,  or  25  ng/ml  CIS.  These  doses  did  not  decrease  cell  viability  after  overnight  treatment  by  more  than  5%  but  significantly 
reduced  the  cell  growth  of  tumor  cells.  After  48  hours,  these  doses  caused  apoptosis  in  more  than  90%  of  cells.  Isotype  control  IgG  was  used  in  all 
samples  and  showed  similar  values.  Isotype  control  of  TAX-treated  cells  is  shown.  Histogram  overlays  represent  isotype,  untreated  tumor  cells, 
and  TAX-,  CIS-,  or  DOX-treated  cells.  Each  experiment  was  repeated  twice  with  the  same  results.  (D)  OT-1  T  cells  were  pretreated  with  GrzB 
inhibitor  I  (Z-AAD-CMK)  prior  to  incubation  with  EL-4  cells.  The  target  cells  were  labeled  with  CMAC;  the  effectors  were  labeled  with  DDAO-SE. 
The  target  population  was  assessed  for  apoptosis  using  Annexin  V-FITC/7AAD  staining  and  analyzed  using  flow  cytometry.  Apoptosis  was 
measured  among  tumor  cells.  Data  represent  2  experiments  with  the  same  results. 
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Figure  6 

The  role  of  MPR  in  the  synergistic  effect  of  chemotherapy  and  CTLs. 
(A)  EL-4,  4T1,  or  86M1  tumor  ceils  were  treated  with  12.5  nM  TAX, 
25  ng/ml  CIS,  or  25  ng/ml  DOX  for  18  hours.  Cells  were  washed, 
blocked  with  10%  mouse  or  human  serum  for  20  minutes  at  4°C, 
and  incubated  with  1:100  vol/vol  cation-independent  MPR  antibody 
(Abeam)  followed  by  staining  with  goat  anti-rabbit  IgG  Alexa  Fluor  647. 
The  cells  were  washed  and  acquired  on  a  FACSCalibur  flow  cytometer. 
The  MFI  is  shown.  Data  from  1  of  2  experiments  with  the  same  results 
are  shown.  (B  and  C)  To  block  MPR,  M6P  (Sigma-Aldrich)  was  used 
at  a  concentration  of  20  mM.  86M1  (B)  or  EL-4  (C)  cells  were  treated 
with  TAX,  CIS,  or  DOX  as  described  above.  The  cells  were  incubated 
with  M6P  for  1 5  minutes  at  room  temperature.  After  2  washes,  the  cells 
were  incubated  with  recombinant  human  (B)  or  mouse  (C)  GrzB  for 
2  hours.  The  cells  were  permeabilized  and  labeled  with  anti-mouse 
GrzB-Alexa  647  or  anti-human  GrzB-PE.  Two  experiments  with  the 
same  results  were  performed.  (D)  EL-4  cells  were  treated  with  TAX 
and  loaded  with  control  or  specific  peptides  as  described  in  Methods. 
In  the  last  15  minutes  of  peptide  loading,  one-half  of  the  cells  from 
each  treatment  group  were  incubated  with  20  mM  M6P.  The  cells 
were  washed  and  incubated  with  DDAO-SE-labeled  activated  OT-1 
T  cells  at  a  1:15  ratio.  After  1.5  hours,  incubated  cells  were  labeled 
with  Annexin  V-FITC  and  7AAD.  DDAO-SE-negative  tumor  cells  were 
gated  and  apoptosis  measured  by  flow  cytometry.  Three  experiments 
with  the  same  results  were  performed.  (E)  Neu-specific  T  cells  were 
generated  by  immunization  of  mice  as  described  in  Methods  and  used 
as  effector  cells  in  CTL  assay.  4T1  and  4T1-Neu  tumor  cells  were 
treated  with  TAX  and  M6P  as  described  above  and  used  as  targets  in 
51Cr  release  assay.  Experiments  were  performed  in  duplicate.  Data  are 
presented  as  mean  ±  SEM. 


abrogated  the  effect  of  TAX  on  CTL-induced  apoptosis  of  tumor 
cells  (Figure  5D),  confirming  the  critical  role  of  this  mechanism 
in  the  synergistic  effect  of  chemotherapy  and  CTLs. 

What  could  be  the  mechanism  by  which  chemotherapeutic 
drugs  increased  GrzB  penetration  into  tumor  cells?  We  performed 
a  kinetic  study  to  determine  the  earliest  time  when  TAX,  CIS,  or 
DOX  could  induce  penetration  of  recombinant  GrzB  into  tumor 
cells.  Experiments  were  performed  30  minutes,  3  hours,  6  hours, 
and  18  hours  after  start  of  the  treatment.  Eighteen  hours  was  the 
earliest  time  when  all  3  drugs  caused  increased  entrance  of  GrzB 
into  tumor  cells  (data  not  shown).  We  asked  whether  chemother¬ 
apy  made  tumor  cells  porous  for  other  large  molecules.  To  answer 
this  question,  we  treated  EL-4  tumor  cells  with  TAX,  DOX,  or  CIS 
overnight  and  then  cultured  them  with  OVA-FITC  for  30  minutes 
to  3  hours.  Fluorescence  intensity  was  measured  in  tumor  cells. 
None  of  the  compounds  caused  an  increase  in  OVA-FITC  penetra¬ 
tion  (data  not  shown). 

Although  GrzB  entrance  into  the  cytosol  of  target  cells  is  depen¬ 
dent  on  perforin,  there  is  evidence  supporting  the  contribution 
of  the  cation-independent  M6P  receptor  (MPR)  (insulin  growth 
factor  receptor  II),  alone  or  in  a  complex  with  proteoglycan  sergly- 
cin,  in  this  process  (20,  21).  We  evaluated  the  effect  of  TAX,  DOX, 
and  CIS  on  the  expression  of  these  molecules  in  mouse  EL-4  and 
4T1  tumor  cells  as  well  as  in  human  86M1  tumor  cells.  All  3  drugs 
induced  a  2-  to  3-fold  increase  in  the  expression  of  MPR  in  all  cell 
lines  (Figure  6A)  but  did  not  affect  the  expression  of  serglycin 
(Supplemental  Figure  5). 

To  test  the  effect  of  chemotherapy  on  normal  cells,  we  treated  sple- 
nocytes  from  naive  mice  and  mononuclear  cells  isolated  from  healthy 
volunteers  overnight  with  TAX,  CIS,  and  DOX.  No  upregulation  of 
MPR  or  GrzB  uptake  was  detected  (Supplemental  Figure  6). 


To  test  the  possible  role  of  upregulation  of  MPR  in  chemother¬ 
apy-induced  penetration  of  GrzB,  the  receptor  was  blocked  with 
soluble  M6P.  In  both  86M1  (Figure  6B)  and  EL-4  cells  (Figure  6C), 
blockade  of  MPR  prevented  GrzB  accumulation  in  tumor  cells 
caused  by  all  3  drugs  (Figure  6,  B  and  C).  To  investigate  a  possible 
role  of  MPR  in  the  cytotoxic  effect  of  CTLs,  we  cultured  OT-1 
T  cells  for  1.5  hours  with  EL-4  tumor  cells  loaded  with  specific 
peptide.  As  expected,  pretreatment  of  tumor  cells  with  TAX  sub¬ 
stantially  increased  tumor  cell  apoptosis.  This  effect  was  almost 
completely  eliminated  in  the  presence  of  M6P  (Figure  6D). 
To  verify  this  effect  in  a  different  experimental  system,  we  used 
4T1  mammary  carcinoma  expressing  rat  Neu.  Neu-specific 
T  cells  were  generated  in  BALB/c  mice  by  immunization  with 
Neu-derived  peptide.  These  T  cells  recognized  4T1-Neu  target 
cells  but  not  parental  4T1  cells  (Figure  6E).  Overnight  treatment 
of  target  cells  with  TAX  significantly  (P  <  0.05)  enhanced  the 
cytotoxicity.  This  effect  was  abrogated  in  the  presence  of  M6P 
(Figure  6E),  suggesting  that  MPR  could  indeed  be  responsible  for 
sensitization  of  tumor  cells  to  CTLs.  We  also  blocked  expression 
of  MPR  on  4T1  and  EL-4  tumor  cells  using  MPR-specific  siRNA 
(Supplemental  Figure  7).  This  resulted  in  a  dramatic  reduction  in 
GrzB  uptake  by  these  cells  caused  by  overnight  incubation  with 
TAX  (Supplemental  Figure  7). 

Chemotherapy  allows  for  bypassing  a  requirement  for  antigen  recogni¬ 
tion  by  CTLs.  Our  data  demonstrated  that  chemotherapeutic  drugs 
increased  tumor  cell  permeability  to  GrzB.  GrzB  is  released  by  acti¬ 
vated  CTLs  during  antigen-specific  interaction  with  tumor  cells. 
During  this  interaction,  entry  of  GrzB  into  the  cytoplasm  of  tumor 
cells  depends  on  the  release  of  perforin  by  activated  CTLs  (20).  We 
hypothesized  that  chemotherapy  could  cause  a  “bystander”  effect, 
whereby  GrzB  released  by  activated  CTLs  was  able  to  penetrate 
tumor  cells  that  did  not  express  specific  antigen  and  thus  avoided 
direct  contact  with  CTLs.  To  test  this  hypothesis,  we  incubated 
effector  OT-1  T  cells  with  2  target  cells  mixed  at  a  1:1  ratio.  One  was 
EL-4  cells  loaded  with  specific  peptide  and  left  unlabeled;  the  other 
was  EL-4  cells  loaded  with  control  peptide  and  labeled  with  51Cr. 
In  this  system,  chromium  release  could  be  detected  only  from  EL-4 
cells  loaded  with  control  peptide.  TAX-treated  EL-4  cells  loaded 
with  control  peptide  were  not  directly  recognized  by  OT-1  CTLs 
(Figure  3A).  No  cytotoxicity  of  chromium-labeled  target  cells  was 
detected  when  they  were  not  treated  with  TAX.  However,  pretreat¬ 
ment  of  target  cells  with  TAX  resulted  in  a  substantial  increase  in 
chromium  release  (Figure  7A).  It  was  possible  that  dying  peptide- 
loaded  tumor  cells  could  release  specific  peptide  that  would  be  then 
picked  up  by  chromium-labeled  tumor  cells,  and  this  would  make 
them  more  sensitive  to  CTL  recognition.  To  exclude  this  possibility, 
we  used  2  different  models.  P66Neu-specific  T  cells  were  incubated 
with  chromium-labeled  4T1  tumor  cells  (that  did  not  express  the 
Neu  antigen)  and  unlabeled  4T1-Neu  cells  (transfected  with  Neu). 
Pretreatment  of  tumor  cells  with  TAX  substantially  increased  chro¬ 
mium  release  from  antigen-negative  target  cells  (Figure  7B)  that 
otherwise  are  not  recognized  by  CTLs  (Figure  2D).  Finally,  we  used 
an  experimental  system  with  B16F10  target  cells  deficient  for  the 
H2Kb  molecule  and  therefore  unable  to  present  H2Kb-restricted 
peptides.  CTLs  generated  against  H2Kb  epitope  derived  from  tyros¬ 
inase-related  protein  2  (TRP-2)  were  used  as  effector  cells.  These 
CTLs  recognized  wild- type  B16  cells  but  demonstrated  very  little 
cytotoxicity  against  untreated  or  TAX-pretreated  H2Kb-deficient 
target  cells  (Figure  7C).  Unlabeled  wild-type  B16F10  melanoma 
cells  were  mixed  with  chromium-labeled  B16F10Kb-negative  cells 
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Figure  7 

Mechanism  of  synergistic  antitumor  activity  of  CTLs  and  chemotherapy.  (A)  EL-4  cells  loaded  with  control  peptide  and  labeled  with  51Cr  were 
mixed  at  a  1 :1  ratio  with  unlabeled  EL-4  cells  loaded  with  specific  peptide.  The  mixture  of  target  cells  was  incubated  with  OT-1  T  cells  at  the 
indicated  ratios.  Pretreatment  of  target  cells  with  TAX  was  performed  overnight.  Standard  4-hour  chromium  release  assay  was  performed  in 
duplicate.  Experiments  were  repeated  3  times  with  the  same  results.  Appropriate  positive  controls  were  set  up  with  each  experiment  (data 
not  shown).  (B)  The  experiment  was  performed  essentially  as  described  in  Figure  4A.  As  target  cells,  chromium-labeled  4T1  cells  mixed  with 
unlabeled  4T1-Neu  cells  were  used.  Effector  T  cells  were  obtained  from  splenocytes  of  BALB/c  mice  immunized  with  Neu-derived  peptide  as 
described  in  Methods.  (C)  Wild-type  and  B16F10Kb- tumor  cells  were  used  as  targets  in  chromium  release  assay.  Labeled  target  cells  treated 
overnight  with  TAX  were  incubated  in  duplicate  with  T  cells  isolated  from  mice  immunized  with  TRP-2-derived  peptide  as  described  in  Methods. 
Two  experiments  with  similar  results  were  performed.  (D)  Unlabeled  wild-type  B16F10  tumor  cells  were  mixed  at  1:1  ratio  with  51Cr  labeled 
B16F10  cells  with  deleted  H2Kb.  These  target  cells  were  incubated  with  T  cells  from  TRP-2-immunized  mice,  and  cytotoxicity  was  evaluated  in 
standard  4-hour  51Cr  release  assay.  Two  experiments  with  similar  results  were  performed.  Data  are  presented  as  mean  ±  SEM. 


and  used  as  targets  in  the  chromium  release  assay.  TRP-2-specific 
CTLs  showed  little  cytotoxicity  against  untreated  targets;  how¬ 
ever,  pretreatment  with  TAX  dramatically  increased  the  chro¬ 
mium  release  from  H2Kb-negative  cells  (Figure  7 D). 

Thus,  pretreatment  of  tumor  cells  with  TAX  allowed  CTLs  to 
bypass  the  requirement  for  specific  recognition  to  exert  their 
cytotoxic  effect  by  allowing  CTL-derived  GrzB  to  penetrate  into 
tumor  cells  without  requirements  for  antigen-specific  cell-cell 
interaction.  If  this  is  indeed  the  case,  then  pretreatment  of  tumor 
cells  with  TAX  should  eliminate  the  requirement  for  perforin 
in  CTL-mediated  killing.  To  test  this  hypothesis,  we  generated 
SIINFEKL-specific  CTLs  by  immunization  of  control  and  per- 
forin-KO  mice  with  the  peptide  and  then  used  them  as  effectors 
against  EL-4  tumor  cells  loaded  with  control  and  specific  peptide. 
As  expected,  CTLs  did  not  recognize  EL-4  cells  loaded  with  con¬ 
trol  peptide,  and  in  the  absence  of  CTL  activation,  no  cytotoxicity 
was  detected  against  TAX-treated  target  cells  either  (Figure  8A). 
However,  wild-type  CTLs  recognized  and  killed  EL-4  target  cells 
loaded  with  specific  peptide  (Figure  8B).  No  specific  cytotoxicity 
was  detected  in  perforin-KO  CTLs  if  targets  were  untreated.  How¬ 
ever,  pretreatment  of  EL-4  cells  with  TAX  resulted  in  a  substantial 


level  of  specific  cytotoxicity  comparable  with  the  level  of  wild-type 
CTLs  (Figure  8B).  To  verify  the  possible  role  of  this  mechanism 
in  vivo,  we  performed  an  adoptive  transfer  experiment,  described 
in  Figure  1C,  where  EG-7  tumor-bearing  mice  were  injected  with 
T  cells  from  mice  immunized  with  SIINFEKL.  Perforin-KO  mice 
developed  a  high  level  of  antigen-specific  CD8+  T  cells  in  response 
to  immunization  (Supplemental  Figure  8).  However,  these  CTLs 
failed  to  provide  any  antitumor  effect  after  adoptive  transfer  to  an 
untreated  tumor-bearing  host.  In  contrast,  the  same  perforin-KO 
CTLs  showed  a  substantial  antitumor  effect  when  they  were  trans¬ 
ferred  into  TAX-treated  tumor-bearing  mice  (Figure  8C). 

Discussion 

Combination  of  conventional  chemotherapy  with  cancer  vaccines 
or  T  cell  adoptive  transfer  could  be  an  attractive  novel  therapeu¬ 
tic  approach  in  the  treatment  of  patients  with  advanced  cancer. 
However,  without  a  clear  understanding  of  how  chemotherapy 
may  synergize  with  immunotherapy,  further  progress  in  this  field 
will  be  limited.  Several  different  mechanisms  of  such  combined 
effect  have  been  proposed.  They  may  target  critical  components  of 
immune-suppressive  networks  such  as  regulatory  T  cells  (22-24) 
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Figure  8 

Perforin  is  not  required  for  CTL  activity  if  targets  are  treated  with  chemotherapy.  (A  and  B)  Perforin-KO  and  C57BL/6  mice  were  immunized 
with  SIINFEKL.  Purified  T  cells  from  the  spleens  of  these  mice  were  used  as  effectors  in  51Cr  release  assay.  EL-4  cells  loaded  with  control  or 
specific  peptide  were  used  as  targets.  Half  of  the  target  cells  were  pretreated  with  TAX  overnight.  Two  experiments  with  the  same  results  were 
performed.  (C)  An  adoptive  transfer  experiment  using  T  cells  from  SlINFEKL-immunized  wild-type  or  perforin-KO  mice  was  performed  according 
to  the  method  described  in  Figure  1C.  The  treatment  protocol  is  described  in  Methods.  Tumor  size  was  measured  and  presented  as  described 
in  Figure  1 C.  Data  are  presented  as  mean  ±  SEM.  (D)  Schematic  representation  of  the  advantage  of  combination  therapy  in  targeting  tumor  cells 
over  the  use  of  immunotherapy  alone.  The  figure  is  a  depiction  of  the  possible  mechanism  of  bystander  lysis  of  nonspecific  targets  within  tumors. 
Red  bars  indicate  the  presence  of  specific  antigen  on  tumor  cells. 


or  myeloid-derived  suppressor  cells  (25)  or  the  expression  of  inhib¬ 
itory  B7  molecules  (26),  improved  cross-presentation  of  antigens, 
etc.  (7,  27).  All  these  mechanisms  could  potentially  contribute  to 
the  effect  of  combined  treatment.  They  all  rely  on  the  persistence, 
activation,  and  expansion  of  antigen-specific  T  cells  after  chemo¬ 
therapy.  In  several  animal  models,  combination  of  radiation  or 
chemotherapy  with  different  cancer  vaccines  indeed  resulted  in  an 
increased  frequency  of  antigen-specific  T  cells  that  was  associated 
with  antitumor  effects  (28-30).  However,  in  mouse  experiments, 
chemotherapy  is  usually  administered  only  once  and  does  not 
cause  substantial  immune  suppression.  In  contrast,  conventional 
chemotherapy  in  cancer  patients  is  associated  with  lymphopenia 
and  immune  suppression.  In  mice,  repeated  injections  of  TAX  also 
substantially  decreased  antigen-nonspecific  function  of  T  cells 
(17).  We  have  observed  that  even  in  patients  who  showed  an  objec¬ 
tive  clinical  response  to  chemotherapy  administered  after  vacci¬ 
nation,  the  antigen-specific  T  cell  response  was  abrogated  soon 
after  start  of  the  treatment  (3).  The  effect  of  combined  treatment 
in  most  of  the  patients  was  not  long  lasting,  suggesting  that  effec¬ 
tor  cells  may  not  remain  functional  for  a  long  time.  In  a  different 
study,  the  combination  of  ALVAC-CEA/B7.1  vaccine  and  systemic 
chemotherapy  did  not  affect  the  generation  of  CEA-specific  T  cell 


responses  after  vaccination  (31).  In  the  current  study,  administra¬ 
tion  of  TAX  after  adoptive  transfer  of  T  cells  caused  a  modest  but 
statistically  significant  decrease  in  antigen-specific  T  cell  response. 
Another  known  limitation  of  cancer  vaccines  is  their  inability  to 
generate  a  high  frequency  of  CTLs  in  cancer  patients.  This  could 
be  due  to  the  fact  that  most  of  the  epitopes  derived  from  self  pro¬ 
teins  are  weakly  immunogeneic,  the  modes  of  antigen  delivery  are 
not  very  efficient,  and/or  the  existence  of  different  immune-sup¬ 
pressive  mechanisms  limits  expansion  of  antigen-reactive  clones 
in  tumor-bearing  hosts.  In  the  situation  where  chemotherapy  is 
administered  after  vaccination,  in  the  absence  of  continuous  vac¬ 
cination,  it  is  unlikely  that  this  would  be  sufficient  to  substan¬ 
tially  increase  the  frequency  or  affinity  of  CTLs.  All  these  concerns 
prompted  a  search  for  other  potential  mechanisms  underlying  the 
combined  effect  of  chemotherapy  and  immunotherapy. 

In  this  study,  we  used  3  drugs  with  different  mechanism  of 
action.  TAX  induces  apoptosis  by  affecting  microtubules;  DOX, 
by  causing  DNA  damage  via  intercalation-induced  distortion 
of  the  double  helix  and  stabilization  of  the  complex  formed 
between  DNA  and  topoisomerase  II;  and  CIS,  by  crosslinking 
DNA.  We  found  that  all  3  agents  sensitized  tumor  cells  to  the 
cytotoxic  effect  of  CTLs.  This  effect  was  observed  with  CTLs  spe- 
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cific  to  different  antigens.  This  suggested  a  common  mechanism 
for  this  phenomenon.  Pretreatment  of  tumor  cells  with  drugs  at 
doses  that  did  not  cause  apoptosis  was  sufficient  to  cause  rapid 
induction  of  apoptosis  mediated  by  CTLs.  This  effect  of  acceler¬ 
ated  killing  of  tumor  cells  was  antigen  specific,  since  it  was  not 
observed  when  tumor  cells  were  loaded  with  control  antigens  and 
therefore  were  not  recognized  by  CTLs.  Thus,  activation  of  CTLs 
via  antigen-specific  interaction  with  tumor  cells  was  required  for 
the  effect  of  combined  treatment.  Chemotherapy  changed  the 
sensitivity  of  tumor  cells  that  were  not  loaded  with  specific  anti¬ 
gens  to  CTLs.  Without  chemotherapy,  CTLs  were  not  able  to  rec¬ 
ognize  and  kill  target  cells  that  do  not  express  specific  antigens. 
In  contrast,  after  treatment  with  each  of  the  3  drugs,  these  target 
cells  became  sensitive  to  CTLs.  Our  experiments  indicate  that 
this  effect  was  due  not  to  an  artifact  associated  with  transfer  of 
antigens  from  one  dying  tumor  cell  to  another,  but  rather  to  a 
direct  effect  of  activated  CTLs. 

How  do  antigen-specific  CTLs  kill  targets  that  do  not  express 
antigen?  Perforin/granzyme  and  Fas/FasL  pathways  are  2  major 
mechanisms  by  which  CTLs  destroy  target  cells.  After  formation  of 
a  synapse  between  antigen-specific  CTLs  and  targets,  CTLs  release 
perforin  and  serine  proteases  granzymes.  GrzB,  a  main  member 
of  granzyme  family,  cleaves  target  cell  proteins  at  specific  aspar¬ 
tate  residues  and  triggers  caspase  activation.  It  involves  primarily 
proapoptotic  “BH3-only”  members  of  the  BCL-2  family,  such  as 
BH3-interacting  domain  death  agonist  (BID),  which  results  in  the 
leakage  of  proapoptotic  mitochondrial  mediators,  such  as  CytC, 
into  the  cytosol  (32,  33). 

All  tested  chemotherapeutic  agents  did  not  affect  expression  of 
Fas  or  FasL  on  tumor  cells  or  splenocytes  but  caused  a  dramatic 
increase  in  permeability  of  the  cell  membrane  to  GrzB.  This  sug¬ 
gested  that  uptake  of  GrzB  may  play  a  major  role  in  sensitization 
of  tumor  cells  to  CTLs.  TAX  and  CTLs  utilized  different  pathways 
of  initial  apoptosis  activation:  CTLs  primarily  induce  release  of 
mitochondrial  CytC  (which  is  consistent  with  the  mechanism  of 
GrzB  effect),  whereas  TAX  does  not  cause  CytC  activation  and  did 
not  increase  CytC  activation  caused  by  CTLs.  The  paradox  is  that 
the  CytC  pathway  ultimately  targets  caspase-3,  which  is  also  a  tar¬ 
get  for  TAX.  Thus,  release  of  CytC  alone  cannot  directly  explain 
why  CTLs  and  TAX  have  a  synergistic  effect  on  induction  of  apop¬ 
tosis.  However,  it  is  known  that  several  mitochondrial  proteins 
may  cause  apoptosis  in  a  caspase-independent  manner.  One  of 
them  is  EndG  (19,  34).  Our  experiments  demonstrated  that  simi¬ 
lar  to  CytC,  CTLs  caused  release  and  nuclear  localization  of  EndG 
in  tumor  cells,  whereas  TAX  did  not  affect  this  process.  These  data 
suggest  a  mechanism  whereby  TAX  and  CTLs  exert  a  synergistic 
effect  in  induction  of  tumor  cell  apoptosis. 

What  could  be  responsible  for  increased  permeability  of  tumor 
cells  to  GrzB?  In  both  humans  and  rodents,  delivery  of  granzymes 
to  target  cell  requires  perforin,  a  pore-forming  protein.  A  direct 
uptake  of  granzymes  through  perforin  pores  in  either  the  plasma 
membrane  or  endosomes  is  considered  to  be  one  of  the  major 
mechanisms  of  granzyme  delivery  to  target  cells.  More  recently,  it 
has  been  suggested  that  MPR  could  be  solely  responsible  for  the 
uptake  of  GrzB  (35).  Although  this  point  of  view  was  challenged 
in  subsequent  studies  (21,  36,  37),  this  receptor  is  considered 
to  be  an  important  factor  that  together  with  perforin  mediates 
GrzB  entry  into  the  cell.  Recently,  it  has  been  shown  that  if  cells 
were  incubated  with  GrzB  in  the  presence  of  perforin,  MPR  had 
minimal  impact  on  GrzB’s  effect.  In  contrast,  when  GrzB  was 


delivered  into  cells  via  adenovirus,  MPR  was  directly  responsible 
for  GrzB  activity  (21).  Our  experiments  demonstrated  that  TAX, 
DOX,  and  CIS  induced  a  substantial  increase  in  the  expression 
of  MPR  on  human  and  mouse  tumor  cells  and  that  this  recep¬ 
tor  was  primarily  responsible  for  the  increased  uptake  of  GrzB 
by  tumor  cells  treated  with  chemotherapeutic  drugs  and  for  the 
synergistic  effect  of  CTLs  and  chemotherapy.  These  data  dem¬ 
onstrate  for  the  first  time  to  our  knowledge  that  chemotherapy 
may  regulate  GrzB  uptake  via  upregulation  of  MPR  and  thus 
bypass  the  requirement  for  perforin.  Indeed,  our  experiments 
have  shown  that  perforin-deficient  CTLs  that  were  not  able  to 
kill  nontreated  target  cells  were  very  effective  against  tumor  cells 
pretreated  with  TAX,  as  well  as  in  adoptive  transfer  experiments 
in  tumor-bearing  mice  treated  with  TAX.  This  may  explain  how 
activated  CTLs  are  able  to  kill  not  only  target  cells  that  expressed 
specific  antigen  but  also  those  that  did  not. 

Our  data  suggest  a  mechanism  whereby  CTLs  and  chemothera¬ 
py  exert  a  combined  effect.  When  cancer  vaccines  or  T  cell  transfer 
protocols  are  used  as  a  single  modality,  only  limited  numbers  of 
T  cells  are  able  to  penetrate  the  tumor  parenchyma.  CTLs  exert 
their  cytotoxic  effect  only  against  tumor  cells  that  express  specific 
antigen,  since  it  requires  formation  of  synapse,  direct  cell-cell  con¬ 
tact,  and  release  of  perforin  and  granzymes.  Even  if  GrzB  is  able 
to  diffuse  from  the  synapse,  it  does  not  affect  other  tumor  cells, 
since  it  requires  perforin  for  effective  penetration  into  target  cells. 
Thus,  the  CTL  effect  is  limited  by  the  expression  of  specific  anti¬ 
gen  on  tumor  cells  and  the  presence  of  different  immune-suppres¬ 
sive  factors  in  the  tumor  microenvironment  (38).  If  chemotherapy 
is  administered  immediately  after  vaccination  or  T  cell  transfer,  it 
causes  disruption  of  tumor  stroma  that  allows  for  better  penetra¬ 
tion  of  antigen-specific  T  cells.  In  addition,  chemotherapy  causes 
a  substantial  increase  in  MPR  expression  on  tumor  cells.  Small 
numbers  of  activated  CTLs  interacting  with  tumor  cells  express¬ 
ing  tumor  antigen  can  release  GrzB  that  can  penetrate  into  neigh¬ 
boring  tumor  cells  without  a  requirement  for  cell-cell  contact. 
Therefore,  large  numbers  of  tumor  cells  including  those  that  do 
not  express  specific  antigen  would  be  susceptible  to  the  effect  of 
CTLs  (Figure  8D).  This  may  explain  the  substantial  enhancement 
of  the  antitumor  effect  of  combined  treatment.  This  effect  is  lim¬ 
ited  to  the  cells  that  are  sensitive  to  chemotherapy.  Therefore,  it 
should  not  increase  nonspecific  toxicity  of  conventional  chemo¬ 
therapy,  as  has  been  demonstrated  in  all  reported  clinical  trials  to 
date  (2-6,  31).  It  is  likely  that  this  effect  would  not  be  long  lasting, 
since  CTL  activity  will  be  eliminated  by  chemotherapy  and  the 
immune-suppressive  tumor  microenvironment.  However,  it  may 
provide  a  sufficient  window  to  achieve  a  significant  antitumor 
effect.  Since  memory  T  cells  are  more  resistant  to  chemotherapy 
than  effector  T  cells  (39),  it  is  possible  that  subsequent  immuniza¬ 
tion  would  be  able  to  boost  antitumor  immunity  and  thus  pro¬ 
vide  a  longer-lasting  effect  of  combined  therapy.  This  provides  a 
rationale  for  treatment  of  advanced-stage  cancer  patients  by  com¬ 
bining  standard-of-care  chemotherapy  with  relatively  nontoxic 
and  highly  specific  immunotherapy. 

Methods 

Mice  and  tumor  models.  Female  C57BL/6J  (B6,  H-2b),  BALB/c  (H-2d),  perfo- 
rin-KO  (C57BL/6-Pfptmlsdz),  and  2C-TCR  and  OT-1  mice  were  purchased 
from  The  Jackson  Laboratory  or  Charles  River  Laboratories.  Recognized 
principles  of  laboratory  animal  care  were  followed  ( Guide  for  the  Care  and 
Use  of  Laboratory  Animals,  National  Research  Council,  1996),  and  animal 
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protocols  were  approved  by  the  H.  Lee  Moffitt  Cancer  Research  Institute 
Animal  Care  and  Use  Committee.  Murine  lymphoblastoma  cell  line  EL-4 
and  B16-F10  melanoma  were  purchased  from  ATCC.  B16F10Kb-negative 
cells  that  do  not  express  the  H2Kb  molecule  were  isolated  as  an  escape 
mutant  from  vaccinated  mice.  Breast  cancer  cell  lines  TUBO,  4T1,  and 
4T1-Neu  (a  stably  transfected  tumor  cell  line  that  expresses  Neu  antigens) 
were  described  previously  Tumor  cell  lines  were  treated  with  12.5  nM  TAX, 
12.5  ng/ml  DOX,  and  12.5  ng/ml  CIS  for  18  hours  prior  to  use  as  targets 
in  various  assays. 

Peptides  used  in  these  studies  were  OVA-derived  H2Kb  -  SIINFEKL; 
2C-specific  H2Kb  -SIYRYYGL;  p66,  Neu-derived  H2Dd  -  TYVPANASL; 
TRP-2-derived  H2Kb  -  SVYDFFVWL. 

MC38  tumors  were  established  in  C57BL/6  mice  by  subcutaneous 
injection  of  3.5  x  10s  tumor  cells.  On  day  3  after  tumor  inoculation,  mice 
were  split  into  4  groups.  Mice  were  immunized  with  5  x  105  DCs  infected 
with  recombinant  adenovirus  containing  the  mouse  wild-type  p53  gene 
as  described  elsewhere  (40).  Immunizations  were  repeated  twice  on  days 
10  and  17.  Mice  were  treated  with  TAX  (12.5  mg/kg)  3  days  after  the  sec¬ 
ond  immunization.  For  the  mammary  carcinoma  TUBO  model,  tumors 
were  established  in  BALB/c  mice  by  s.c.  injection  of  2.5  x  105  cells.  Mice 
were  immunized  3  times  at  7-day  intervals  with  DCs  loaded  with  Neu- 
derived  p66  peptide. 

Immunization  of  mice.  Plasmids  encoding  chicken  OVA  and  the  amino  ter¬ 
minus  of  Neu  have  been  previously  described  (41).  Both  constructs  were  in 
a  pcDNA3  backbone  and  were  confirmed  by  DNA  sequencing.  Mice  were 
immunized  with  a  total  of  100  pg  of  plasmid  DNA  injected  into  2  sites 
in  the  quadriceps  femoris  muscles.  Immunization  was  followed  imme¬ 
diately  by  electroporation  of  the  injected  area  (95  V,  4  pulses  of  65  ms 
with  repoling)  using  an  Electro  Square  Porator  device  (BTX,  model 
TX830).  For  peptide  immunization,  100  pg  of  synthetic  peptide,  TLRL 
(50  pg  of  poly-IC),  and  50  pg  of  agonistic  anti-CD40  (clone  FGK45.5)  were 
injected  i.v.  as  a  cocktail  mixture.  Poly-IC  (a  stabilized  formulation  con¬ 
taining  poly-L-lysine  and  carboxymethyl  cellulose,  poly-ICLC,  or  Hiltonol) 
was  a  gift  from  Andres  Salazar  (Oncovir  Inc.,  Washington,  DC). 

Detection  of  apoptosis,  cleaved  caspase-3,  and  CytC.  Untreated  and  TAX- 
treated  tumor  cells  were  labeled  with  0.6  pM  DDAO-SE  (Molecular 
Probes,  Invitrogen)  and  loaded  with  0.1  pg/ml  of  the  control  or  specific 
peptide  for  1  hour.  Anti-cleaved  caspase-3,  PE-labeled  (reactive  against 
both  human  and  mouse  forms),  was  purchased  from  BD  Biosciences. 
DDAO-SE-labeled  target  cells  were  mixed  with  effector  cells  at  a  1:5  or 
1:10  ratio  in  round-bottom  tubes  (42).  The  mixtures  were  incubated  at 
37° C,  5%  CO2  for  15  minutes  or  30  minutes.  The  cells  were  washed, 
fixed,  and  permeabilized  with  Fix/Perm  solution  (BD  Biosciences)  and 
then  stained  for  60  minutes  on  ice  with  15  pi  PE-labeled  anti-cleaved 
caspase-3  monoclonal  antibody,  followed  by  flow  cytometric  analysis. 
For  CytC  detection,  cells  were  permeabilized  using  digitonin  buffer  for 
5  minutes  at  4°C.  The  cells  were  then  fixed  using  4%  paraformaldehyde 
and  blocked  with  3%  BSA  in  PBS  containing  0.05%  saponin  for  60  min¬ 
utes.  The  cells  were  later  labeled  with  mouse  monoclonal  anti-CytC- 
FITC  antibody  (Abeam  Inc.)  for  60  minutes  and  cells  analyzed  by  flow 
cytometry.  For  detection  of  apoptosis,  the  effector  cells  were  labeled 
with  DDAO-SE  and  incubated  with  target  cells  at  a  20:1  ratio  for  vari¬ 
ous  periods  of  time.  Cells  then  were  stained  with  Annexin  V-FITC  (BD 
Biosciences)  and  the  viability  dye  7-AAD.  The  proportion  of  Annexin 
V-positive  cells  was  measured  within  the  population  of  tumor  cells  by 
flow  cytometry.  All  cells  prepared  for  flow  cytometry  were  analyzed 
using  FACSCalibur  instrumentation  (BD). 

Staining  for  EndG.  EL-4  cells  were  treated  with  TAX  for  16  hours  and 
loaded  with  control  or  specific  peptide.  The  target  cells  were  incubated  for 
1  hour  with  activated  Po-Pro-3  iodide-labeled  (Invitrogen)  OT-1  T  cells  at 


a  1 : 10  ratio.  Slides  were  prepared,  and  cells  were  fixed  and  labeled  for  EndG 
as  described  previously  (19).  Micrographs  were  taken  with  a  LeicaTCS  SP5 
AOBS  laser  scanning  confocal  microscope  through  a  63x/1.40  NA  Plan 
Apochromat  oil  immersion  objective  lens  (Leica  Microsystems).  405  Diode 
and  argon  488  laser  lines  were  applied  to  excite  the  samples,  and  tunable 
emissions  were  used  to  minimize  crosstalk  between  fluorochromes.  Image 
sections  at  0.5  pm  were  captured  with  photomultiplier  detectors,  and 
maximum  projections  were  prepared  with  LAS  AF  software  version  2.1.0 
(Leica  Microsystems).  Volume-rendered  images  were  created  using  Imaris 
version  5.0.3  (Bitplane).  Intensity  analysis  was  performed  using  Image  Pro 
Plus  version  6.2  (Media  Cybernetics  Inc.). 

Staining  of  tumor  cells  for  GrzB.  EL-4  target  cells  were  treated  with  12.5  nM 
TAX  for  16  hours  prior  to  the  assay.  The  cells  from  both  untreated  and 
TAX-treated  groups  were  loaded  with  either  control  or  specific  peptide 
(0.1  pg/ml)  for  30  minutes  and  then  labeled  with  CellTracker  Blue  CMAC 
(7-amino-4-chloromethylcoumarin)  (Invitrogen).  Target  cells  were  incu¬ 
bated  with  effector  OT-1  T  cells  at  a  1:10  ratio.  After  7-60  minutes  incuba¬ 
tion,  cells  were  fixed  on  slides  with  a  mixture  of  methanol  and  acetone  and 
incubated  with  mouse  anti-GrzB  monoclonal  antibody  at  a  1:200  dilution 
for  1  hour.  Secondary  antibody  (rat  anti-mouse  FITC-conjugated  IgG)  was 
used  for  labeling  the  cells.  The  slides  were  washed,  dried,  and  mounted 
with  anti-fade  mount  and  observed  under  a  Zeiss  fluorescence  micro¬ 
scope.  The  percentage  of  GrzB-positive  target  cells  was  calculated  among 
tumor  cells  in  each  group.  MPR  antibody  was  purchased  from  Abeam,  and 
M6P  from  Sigma- Aldrich. 

CTL  assay.  Spleen  cells  were  cultured  with  10  pg/ml  of  specific  peptide 
(as  described  in  Results)  for  72  hours.  T  cells  were  purified  using  T  cell 
enrichment  columns  (R&D  Systems).  For  4-hour  51Cr  release  assays, 
tumor  cells  were  incubated  with  control  peptide  or  specific  peptide  for 
30  minutes,  labeled  with  100  pCi  Na51CrC>4  for  60  minutes,  washed,  and 
plated  into  96-well  round-bottom  plates  at  a  cell  density  of  1  x  103  tumor 
target  cells/well.  Target  cells  were  incubated  with  effector  T  cells  in  dupli¬ 
cate  at  the  indicated  E/T  ratios  in  200  pi  culture  medium  at  37°  C  in  a 
CO2  incubator.  The  cells  were  harvested,  and  percent  51Cr  release  was 
measured  using  a  gamma  counter.  The  percent  specific  lysis  was  calcu¬ 
lated  as  follows:  100  x  [(experimental  release  -  spontaneous  release)/ 
(maximum  release  -  spontaneous  release)].  EL-4,  4T1/4T1-Neu,  and 
B16F10/B16F10Kb-negative  cells  were  used  as  target  cells  in  bystander 
lysis  assay.  One-half  of  the  EL-4  cells  were  treated  with  12.5  nM  TAX  for 
16  hours.  For  antigen-specific  target  cells,  EL-4  cells  from  untreated  and 
TAX-treated  groups  were  preincubated  with  0.1  pg/ml  specific  peptide 
for  60  minutes.  For  bystander  cells,  untreated  and  TAX-treated  cells  were 
labeled  with  100  pCi  Na51Cr04  for  30  minutes.  After  3  washes,  cells  from 
the  untreated  antigen-bearing  target  group  (5  x  103)  and  untreated  anti- 
gen-free  bystander  Cr51-labeled  (5  x  103)  groups  were  combined  at  a  ratio 
of  1: 1.  The  same  ratio  was  followed  for  TAX-treated  target  and  bystander 
cells.  The  CD3+  T  cells  were  obtained  by  negative  selection  of  activated 
OT-1/2C-TCR  splenocytes  on  T  cell  enrichment  columns 

Human  tumor  samples,  tumor  cell  lines,  and  cytotoxicity  assay.  Tumor  samples 
were  collected  from  patients  with  non-SCLC  undergoing  surgical  resection 
at  the  H.  Lee  Moffitt  Cancer  Center  after  informed  consent  was  obtained. 
Tissue  collection  and  animal  procedures  were  approved  by  the  Institutional 
Review  Board  and  the  Animal  Care  and  Use  Committee  of  the  University 
of  South  Florida.  Tumor  samples  obtained  from  patients  at  the  time  of 
surgery  were  cut  into  2-  to  3-mm3  pieces  and  implanted  subcutaneously  in 
6-week-old  female  nu/nu  mice.  Patients’  tumors  propagated  in  mice  were 
excised  and  used  for  the  ex  vivo  studies. 

SCLC  cell  lines  H332,  DMS,  and  86M1  were  purchased  from  ATCC.  The 
cells  were  maintained  in  RPMI  1640  media  containing  10%  FBS.  PBMCs 
were  isolated  from  healthy  donors  and  were  cultured  with  SCLC  H332 
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cell  lysate  at  a  cell  equivalent  ratio  of  20:1  for  5-7  days.  PBMCs  were  then 
harvested  and  used  as  effector  cells  in  cytotoxicity  assay.  Cytolysis  was 
measured  using  a  standard  6-hour  chromium  release  assay.  H332  SCLC 
target  cells  or  PBMCs  were  cultured  in  the  presence  of  100  nM  TAX  or 
left  untreated  for  18  hours  prior  to  being  used  as  target  or  effector  cells. 
Target  cells  were  washed,  labeled  with  100  pCi  Na251Cr04  for  1  hour  in 
PBS,  washed,  and  plated  in  U-bottom  96-well  plates.  Different  concentra¬ 
tions  of  the  effector  cells  were  added  in  duplicate  to  generate  E/T  ratios 
of  100:1,  50:1,  and  25:1. 

Statistics.  Statistical  analysis  was  performed  using  2-tailed  Mann-Whit- 
ney  U  or  Wilcoxon  nonparametric  tests,  with  significance  determined  at 
P  <  0.05.  Tumor  measurements  were  analyzed  using  2-way  ANOVA  test 
with  Bonferroni  post-hoc  test.  All  statistical  analyses  were  performed  using 
GraphPad  Prism  5  (GraphPad  Software). 
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Figure  SI.  The  presence  of  antigen-specific  CD8+  T  cells  in  mice  immunized  with  OVA-derived 
peptide.  C57BL/6  mice  were  vaccinated  with  ovalbumin  plasmid,  followed  by  a  booster  immunization 
with  Ova257-264-peptide  TriVax  vaccine  2  week  later.  Antigen- specific  CD8+  T-cells  in  spleen  were 
evaluated  7  days  after  the  boost  using  Ova257-264-specific  tetramers.  CD8+T  cells  were  gated. 
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Figure  S2.  Chemotherapeutic  drugs  sensitize  tumor  cells  to  the  cytotoxic  effect  of  CTLs. 

A,  B.  Splenocytes  from  OT-1  transgenic  mice  were  cultured  with  10  pg/ml  of  the  specific  peptide 
for  72  hr.  T  cells  were  isolated  and  used  as  effectors  against  either  untreated  (Unt)  EL-4  target  cells 
or  cells  pre-treated  for  18  hr  with  12.5  ng/ml  CIS  (A)  or  12.5  ng/ml  DOX  (B).  Target  cells  were 
loaded  with  0.1  pg/ml  of  either  control  (CP)  or  specific  peptides  (SP).  Standard  CTL  assay  was 
performed  in  duplicates.  Two  experiments  with  similar  results  were  performed.  C.  Splenocytes  from 
OT-1  mice  were  incubated  with  10  pg/ml  of  the  specific  peptide  for  72  hr.  During  last  18  hr  of 
incubation  12.5  nM  of  TAX,  12.5  ng/ml  DOX,  or  12.5  ng/ml  CIS  were  added.  T  cells  were  isolated 
and  used  as  effector  cells  against  untreated  EL-4  tumor  cells  loaded  with  specific  peptide.  Two 
experiments  with  the  same  results  were  performed.  Specific  cytotoxicity  against  target  cells  loaded 
with  control  peptide  was  lower  than  3%  in  all  experiments  (not  shown). 
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Figure  S3.  Pre-treatment  of  tumor  cells  with  cisplatin  and  doxorubicin  enhances  cytotoxicity  of 
CTLs.  Early  apoptosis  in  EL-4  target  cells  pre-treated  with  12.5  ng/ml  cisplatin  (CIS)  (A)  or  12.5  ng/ml 
doxorubicin  (DOX)  (B)  was  evaluated  using  Annexin- V-FITC/7-AAD  staining.  Activated  OT-1  T  cells 
were  labeled  with  DDAO-SE  and  incubated  at  30:1  ratio  with  EL-4  cells  loaded  with  control  (C.P.)  or 
specific  (S.P.)  peptides.  Thirty  minutes  later  cells  were  then  labeled  with  Annexin- V-FITC  and  7-AAD 
and  target  cells  were  analyzed  after  gating  out  the  effector  cells.  Three  experiments  with  the  same  results 
were  performed. 
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Figure  S4.  Effect  of  paclitaxel  (TAX),  cisplatin  (CIS),  and  doxorubicin  (DOX)  on  the  expression  of 

Fas  on  tumor  cells  and  splenocytes.  A.  EL-4  tumor  cells  were  treated  with  different  drugs  at  indicated 
concentrations  overnight  followed  by  staining  with  PE-conjugated  Fas  antibody  (BD  Pharmingen). 

B.  Splenocytes  were  treated  overnight  with  12.5  nM  of  TAX,  12.5  ng/ml  CIS,  or  12.5  ng/ml  of  DOX  and 
expression  of  FasL  was  evaluated  by  flow  cytometry  using  PE  conjugated  FasL  antibody  (BD  Pharmingen) 
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Figure  S5.  Serglycin  expression  on  EL-4  and  86M1  cells  after  overnight  treatment  with 
Tax,  Cis,  Dox.  EL-4  or  86M1  target  cells  were  treated  with  eitherl2.5nM  TAX,  25ng/ml  CIS  or 
25ng/ml  DOX  for  16  hr  prior  to  the  assay.  The  cells  from  both  untreated  and  treated  groups  were 
washed,  blocked  with  either  10%  mouse  or  human  sera  for  20  min  at  4°C.  The  cells  were 
incubated  with  2pl/106  cells  of  serglycin  antibody  (Santa  Cruz)  for  30  min  at  4°C  followed  by 
staining  with  donkey  anti-goat  IgG-PE.  The  cells  were  washed  and  acquired  on  a  FACS  Calibur. 
The  mean  fluorescence  intensity  (MFI)  is  shown.  Two  experiments  with  the  same  results  were 
performed. 
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Figure  S6.  Effect  of  chemotherapeutic  drugs  on  normal  cells.  Splenocytes  isolated  from  naive 
C57BL/6  mice  (A)  or  mononuclear  cells  isolated  from  healthy  volunteer  (B)  were  incubated  with  12.5nM 
TAX,  25ng/ml  CIS  or  25ng/ml  DOX  for  16  hr.  After  that  time  cells  were  either  stained  with  anti-MPR 
antibody  to  detect  the  expression  of  mannose  6  phosphate  receptor  or  were  incubated  with  1  /rg/ml 
recombinant  mouse  GrzB  for  30  min  followed  by  detection  of  GrzB  with  anti-mouse  GrzB  antibody. 
Histogram  overlays  represent  untreated  cells  (blue  line)  and  cells  treated  with  indicated  drug  (red  line). 
Three  experiments  with  the  same  results  were  performed. 
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Figure  S7.  Down-regulation  of  mannose  6  phosphate  receptor  in  tumor  cells  prevents  GrzB  uptake. 

MPR  siRNA  (SMARTpool)  was  obtained  from  Thermo  Scientific  and  150  nM  was  incorporated  into  5  x 
106  tumor  cells  using  electroporation  (Amaxa  nucleofector  1).  For  4T1  cells,  mouse  macrophage 
nucleofector  kit  (Program-Y-01)  was  used.  For  EL4  cells  mouse  cell  transfection  kit  (Program-C-09)  was 
used.  As  controls,  scrambled  siRNA  was  used  at  the  same  concentration.  After  transfection  cells  were 
incubated  for  48h  in  complete  medium.  Flalf  the  cells  from  each  group  were  treated  with  TAX  (12.5nM) 
overnight.  The  cells  were  then  washed  and  labeled  with  anti-MPR  antibody  or  incubated  with  GrzB 
followed  by  detection  of  intracellular  GrzB  as  described  in  Figure  S7.  The  cells  were  acquired  on  LSR-II 
flow  cytometer.  Dead  cells  were  discriminated  from  the  live  population  by  either  DAPI  stain  or  Live/Dead 
Fixable  Dead  cell  stain  kit  (Invitrogen).  The  experiments  were  repeated  three  times  with  the  same  results. 
A  -  4T1  tumor  cells.  B  -  EL-4  tumor  cells. 
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Figure  S8.  Generation  of  antigen-specific  T  cells  in  perforin  knockout  mice 

Perforin  KO  mice  (C57BL/6  background)  were  vaccinated  with  ovalbumin  plasmid  followed  by  a 
booster  immunization  with  Ova257-264-peptide  TriVax  vaccine  2  week  later.  Antigen- specific  CD8+ 
T-cells  in  spleen  were  evaluated  7  days  after  the  boost  using  Ova257-264-specific  tetramers.  CD8+  T 
cells  were  gated. 


Video  SI.  Live  cell  imaging  of  the  kinetic  of  interaction  of  tumor  cells  with  CTLs. 

Splenocytes  from  OT-1  mice  were  stimulated  in  vitro  for  72  hr  with  SIINFEKL  peptide  and  T 
cells  were  isolated.  The  targets  EL-4  cells  were  treated  with  12.5nM  TAX  overnight  prior  to 
loading  with  specific  peptide.  T  cells  were  purified,  washed  and  labeled  using  Vybrant  CFDA  SE 
Cell  Tracer  Kit  (Invitrogen,  Carlsbad,  CA).  The  target  cells  were  left  unlabeled.  The  cells  were 
mixed  together  at  targets  :  effectors  ratio  1:10  in  the  presence  of  30  jiM  propidium  iodide  in  a 
glass  bottomed  Petri-dish  and  observed  immediately  under  optimal  CO2  and  temperature 
conditions  using  an  incubation  chamber  attached  to  a  live  cell  imaging  microscope.  Cells  were 
observed  for  60  min.  Tumor  cells  are  large  unlabeled  cells  that  acquire  PI  staining  during  culture 
(arrows).  This  effect  was  not  observed  when  tumor  cells  were  loaded  with  control  peptide  or 
were  not  treated  with  TAX. 


